We have shown previously that chitosan-polyvinyl pyrrolidone (PVP) hydrogels are blood compatible, islet compatible, and noncytotoxic to various cell types. Because of these potential applications of chitosan-PVP hydrogel, the present study was designed to investigate its effect on macrophage activation. Macrophages did not adhere to hydrogel in culture but maintained their viability and did not undergo apoptosis as confirmed by trypan blue staining and absence of DNA ladder. Hydrogel leach-out products did not exhibit cytotoxic effects on macrophage functionality at mitochondrial and lysosomal level as confirmed by tetrazolium reduction (MTT) and neutral red uptake (NRU) assay. On exposure to hydrogels, macrophages showed comparable expression of activation markers such as CD11b/CD18 (Mac-1), CD45, and CD14 to those cultured in the presence of PTFE, a known biocompatible control, indicating its nonactivating nature. Macrophage activation was also assessed by checking the level of messenger RNA of inflammatory cytokines such as IL-6 and TNF-α by reverse transcriptase polymerase chain reaction (RT-PCR), which did not show stastistically significant difference (p > 0.05) in the expression of these transcripts in both control and hydrogel-exposed macrophages. The nonimmunogenic nature of the hydrogel was further confirmed by the lack of induced proliferation of mouse splenic lymphocytes after exposure to hydrogel leach-outs. All these results point out that chitosan-PVP hydrogel did not activate macrophages and thus is immunocompatible.
INTRODUCTION
terized and shown to be blood compatible (20) . They have also been proposed as potential candidates for Synthetic polymers have been widely used for biocontrolled drug delivery (21) , fibroblast growth modulamedical applications. However, they do not necessarily tion in vitro (22) , and as islet immunoisolation matrices possess the optimal biocompatibility for the desired ap- (23) . plication (28) . One approach to enhance the biocompati-Although the specific design requirements differ acbility could be the use of natural polymers that are the cording to the nature of application, it is a basic necescomponents of extracellular matrix (ECM). Chitosan is sity in each case that the material should exhibit satisfacone such natural polymer, obtained by controlled deacettory biocompatibility (i.e., the ability of the material to ylation of chitin, and it mimics glycosaminoglycans, an induce minimal inflammatory response in the host tisimportant component of ECM, in many tissues and orsue, resulting in the acceptance of the implant without gans. It has been shown to be suitable as a biomaterial altering its function). Leach-out and wear products from and had been used for a variety of applications, includimplant materials have also been shown to induce lyming: wound dressing (13), encapsulation of cells (7,8), phocyte reaction (30) and subsequent implant rejection controlled drug delivery matrices (19) , and tissue engi-(9). Macrophages have been shown to interact with imneering scaffolds (16). By combining chitosan with polyplant materials (10) and to generate cytokines and other vinyl pyrrolidone (PVP), a synthetic polymer, a range of mediators that lead to inflammatory responses (5) and blends with a variety of properties and forms has been subsequent implant damage (15). Macrophage-secreted synthesized (20,21). These hydrogels have been characfactors also play a crucial role in the fibrotic reaction, 196 RISBUD, BHONDE, AND BHONDE tissue culture experiments they were washed two times TNF-α and IL-6 have been shown to be the key cytowith PBS and two times with tissue culture medium. kines involved in macrophage response towards materials (3, 29) . We therefore have looked at the expression Morphology Studies of these cytokines at RNA level by performing semi-Morphology of macrophages cultured on tissue culture quantitative reverse transcriptase polymerase chain reacpolystyrene (TCPS) and on hydrogel was observed under tion (RT-PCR) to ascertain immunocompatibility of the inverted phase contrast microscope (IMT 2, Olympus, Jamaterial. pan). Viability of cells was assessed by trypan blue (0.04 Macrophages, upon activation, have also been shown % w/v) dye exclusion test. Cells taking up the dye were to overexpress certain cell surface proteins, which can scored as dead while live cells did not take up the stain. be correlated to the inflammatory activity of the materials (12). The expression of these markers analyzed by flow cytometry provides a simple method to evaluate Genomic DNA Profile to Assess Apoptosis leukocyte activation by biomaterials (25). In this study Genomic DNA was isolated from macrophages culthe contact between macrophages and composite memtured on chitosan-PVP hydrogels and TCPS control folbrane was examined to analyze whether the expression lowing an earlier reported (18) protocol. DNA was elecof some of the marker molecules involved in activation, trophoresed in 1.8% agarose (Gibco BRL, Grand Island, namely CD11b/CD18 (Mac-1) (1,31), CD 45 (27), and NY) gel in 0.5 × TBE buffer (45 mM Tris-HCl, 45 mM CD14 (27), can be modified.
Na-borate, and 1 mM Na-EDTA, pH 8.0), stained with The present study was designed to investigate the efethidium bromide and visualized on UV transilluminator. fect of chitosan-PVP hydrogel on the activation of macrophages to ascertain its immunocompatibility.
Cytotoxicity Testing by MTT and Neutral Red MATERIALS AND METHODS Uptake (NRU) Assay P388D1 cell line (ATCC, CRL 46.1) was obtained RPMI-1640 containing the membrane leach-out prodfrom NCCS cell repository. Chitosan (deacetylation ucts was filtered through 0.22 µm swiney filter (Milli->80%; mol.wt. Х 3.0-3.5 × 10 5 ) was from Vishu Aqapore, Milford, MA) and used at various concentrations tech (Madra, India). PVP (mol.wt. = 40,000) was purfor testing its effect on the cellular viability. P388D1 chased from SRL (Mumbai, India). Monoclonal antibodcells were seeded in 96-well plates and incubated for 24 ies (CD11b, CD45, and CD14) labeled with phycoerythrin h at 37°C in 5% CO 2 , 95% air. Cells were then exposed were purchased from PharMingen (USA). Membrane to varying concentrations (5-50%) of leach-out products leach-outs were prepared by incubating hydrogel pieces in for 24 h. Cells unexposed to leach-out products were RPMI-1640 for 3 days at 37°C in CO 2 incubator. taken as control. MTT and NRU assays were performed Memebrane Preparation as per standard reported protocol (4) to assess cellular Hydrogels were prepared as reported previously (23) .
viability. In short 2% (w/v) chitosan solution was mixed with 4% (w/v) of PVP solution in a ratio 1:1 (v/v). Glutaraldehyde Macrophage Activation Studies by FACS solution (25%, ICN Biomedicals, Cleveland, OH) was Macrophages were cultured in RPMI-1640 with 10% then added at 0.3% (v/v) of final mixture volume with FCS on chitosan-PVP-coated petri dishes (56 mm diamcontinuous stirring. Polymer solution was cast in tissue eter, Nunclon, Denmark) with cells cultured on TCPS in culture wells/dish and allowed to dry at 30 ± 2°C for 48 h in a sterile atmosphere. Before using the membranes for the presence of PTFE disc serving as known biocompat- ible control. After 36 h in culture cells were harvested min at 68°C were the conditions for amplification of TNF-α. The sequences of the primers used for RT-PCR and washed with PBS (pH 7.4). Cells were then labeled with anti-CD11b/CD18, CD45, and CD14 and incubat-are given in Table 1 . Expression of transcripts obtained from three independent experiments was quantified us-ed for 1 h at 4°C. Cells were washed twice with FACS buffer (PBS containing 0.5% FCS) and resuspended in ing a densitometry analysis software (Gelbase_GelblotPro, UltraViolet Products, CA, USA). Results obtained were PBS. Labeled cells were then analyzed on Becton Dickinson FACS Vantage workstation equipped with 488 nm tested for their statistical significance. argon laser.
Splenic Lymphocyte Proliferation Assay RT-PCR Analysis of Inflammatory Cytokines
Spleens were dissected from 8-10-week-old BALB/ c mice under aseptic conditions. Spleens were then Total RNA was isolated from P388D1 cells grown on chitosan-PVP membranes and TCPS control using crushed to make single cell suspension. Lymphocytes were separated on Ficoll gradient (Lymphoprep, Ny-TRIZOL (Gibco BRL) following manufacturer's instructions. The RNA was quantified by standard procedures comed, Norway) by centrifugation at 900 × g for 30 min. Lymphocytes were suspended in RPMI-1640 with and 300 ng of total RNA was used for performing RT-PCR. Expression profiles of IL-6 (Stratagene, La Jolla, 10% FCS and cultured in 96-well culture plate (Corning, Corning, NY) at a concentration of 5 × 10 5 cells/well. CA) and TNF-α (Gemini Biotech., USA) were studied. β-Actin (Stratagene) was used as loading control. Cy-RPMI-1640 containing leach-out products of membrane was added at 50%, 25%, and 12.5% in culture wells. cling conditions for β-actin and IL-6 were as per Stratagene instruction manual. However, denaturation at 94°C Cells unexposed to leach-outs were taken as control.
After 48 h of incubation at 37°C, 1 µCi of [ 3 H]thymidine for 30 s, annealing at 45°C for 1 min, extension at 68°C for 2 min for 30 cycles followed by an extension of 7 was added per well and the plate was further incubated for 24 h. Cells were harvested at the end of the incubation period and cell proliferation was assessed by checking [ 3 H]thymidine incorporation on scintillation counter (Packard 2100TR, USA).
Statistical Analysis
Results are expressed as mean ± SE. Differences between groups were tested by t-test or Mann-Whitney test as appropriate. Computations were performed using Sigma-Stat statistical package (Jandel Scientific, ver. 2.0, Chicago, IL).
RESULTS

Morphology Assessment
Macrophages were seen to attach and spread on TCPS within a few hours after culture and maintained their spread morphology (Fig. 1A) . In contrast, they remained in suspension throughout the culture period on hydrogel-coated dishes (Fig. 1B) . Macrophages in suspension, however, were viable (>95%) and their viability was comparable to the macrophages on the TCPS controls (p > 0.05), as confirmed by trypan blue (0.04%) dye exclusion test.
Genomic DNA Profile to Assess Apoptosis
Genomic DNA of macrophages cultured on hydrogel and TCPS control when electrophoresed on agarose gel showed a similar pattern. DNA in both the groups also did not show any smearing and fragmentation (Fig. 1C) . ability of cells was found to be high for all the concentrations of the leach-outs tested in both MTT and NRU assay ( Fig. 2A, B) . PTFE control. It is also seen from Figure 4 that TNFα expression in macrophages cultured on hydrogel was FACS Analysis to Assess Macrophage Activation slightly low than control. Equal loading was ensured by Expression of activation markers such as CD11b/ using β-actin as control (Fig. 4A ). CD18, CD45, and CD14 on macrophages cultured on Splenic Lymphocyte Proliferation Assay TCPS in contact with PTFE, a known biocompatible control, and on hydrogel is shown in Figure 3 . Expres-Mouse lymphocytes did not show increased proliferasion profiles for all the markers in both the groups were tion when they were exposed to membrane leach-out similar and comparable (p > 0.05).
Cytotoxicity Testing by MTT and NRU Assay
products for 72 h (Fig. 5 ). Incorporation of [ 3 H]thymidine was comparable (p > 0.05) at all the leach-out prod-
RT-PCR Analysis of Inflammatory Cytokines
uct concentrations tested to the control (cells unexposed The amplification products for β-actin, IL-6, and to leach-out products). TNF-α were 500, 229, and 300 bp, respectively. The DISCUSSION mean intensity values for all the transcripts were determined by densitometric analysis. It was observed there Biocompatibility and nonimmunogenicity are the underlying principles in the design of a implantable bioar-was a nonsignificant (p > 0.05) but slightly higher expression of IL-6 in hydrogel-exposed macrophages com-tificial device. The aim of the present study was to evaluate the immunocompatibilty of chitosan-PVP hydrogel, pared to macrophages in the presence of biocompatible which has previously been reported as a promising can-protein adsorption tendency of hydrogel. We have previously (23) reported high hydrophilic nature of chito-didate for islet immunoisolation (23) .
The present study clearly depicts that chitosan-PVP san-PVP hydrogels with tendency to resist protein adsorption. As proteins mediate the attachment of cells to hydrogel did not support macrophage adhesion. This could be attributed to high hydrophilicity and reduced substrate, the surfaces that exhibit reduced protein ad- sorption show decreased cell adhesion (32) . This phenomenon could have important implications as adhesion and spreading of macrophages on surfaces could give rise to their activation (33) . Chitosan-PVP-based implants could thus circumvent the inflammatory reactions arising from macrophage adhesion and subsequent activation on materials. This phenomenon could also reduce the graft fibrosis as activated macrophages have been shown to secrete factors that recruit fibroblasts (14). Comparable viability of macrophages grown on hydrogel and TCPS control (p > 0.05) and also the absence of DNA fragmentation indicate the nontoxic nature of hydrogel. High viability of macrophages, which was comparable to controls (p > 0.05) in MTT and NRU assay, also confirms noncytotoxic nature of hydrogel leach-outs and shows that hydrogel leach-outs do not adversely affect their mitochondrial and lysosomal integrity as well as functionality (2, 11) . This would ensure the normal functioning of host immune system upon the hydrogel graft implantation as it will not lead to immu- phages cultured in contact with membrane and PTFE control ( Fig. 3) due to their nonadherence to the hydrogel (Fig. 1B) . 
